A simple L-lactate fermentation of organic wastes at pH 5.5 and 55°C under nonsterile conditions using Bacillus coagulans can be suitable for L-lactate fermentation of garbage. A mathematical model that simulated the lactate fermentation characteristics of B. coagulans was developed by focusing on the inhibitory effects of substrate, lactate (product) and NaCl, and bacterial growth.
Introduction
Lactate is currently used in food and pharmaceutical industries. Furthermore, it has gained attention as a raw material for polylactide (PLA), a well-known biodegradable polymer.
The physical properties and biodegradability of PLA are influenced by its composition ratio of D- and L-lactate isomers. Therefore, optically pure lactate is required in order to produce PLA, which is primarily achieved by fermentation rather than chemical synthesis (Hofvendahl and Hahn-Hägerdal, 2000) . Various bacteria are known to produce either of the lactate isomers in pure culture; therefore, contamination by other bacteria must be avoided during D-or L-lactate production in order to maintain high optical purity. Consequently, sterilization is necessary for these processes, which increases the cost. Corn, potato, and other starchy plants have been used as substrates for lactate fermentation (Hofvendahl and Hahn-Hägerdal, 2000) , although farming of these plants is inconsistent because of the potential food crisis occurring worldwide.
Consequently, utilization of organic wastes as an alternative to agricultural products is essential, and they have been reported as substrates for lactate fermentation (Hofvendahl and HahnHägerdal, 2000) . Garbage, a type of organic waste has been proposed as a substrate for lactate fermentation because of its high carbohydrate and nutrient content (Sakai et al., 2000) .
A simple L-lactate fermentation of organic wastes under nonsterile conditions using Bacillus coagulans has been developed (Rosenberg et al., 2005; Michelson et al., 2006; Sakai 5 and Ezaki, 2006; Akao et al., 2007a; 2007b) . Akao et al. (2007b) reported that operational conditions of pH 5.5 and 55°C were suitable for L-lactate fermentation of garbage by indigenous B. coagulans, while other bacteria were eliminated under these culture conditions. Mathematical models are useful means to improve the understanding of this particular process, predict process performance over a range of design and operating conditions, and optimize performance. The
International Water Association Anaerobic Digestion Model No. 1 (ADM 1, Batstone et al., 2002 ) is widely used to evaluate anaerobic digestion; however, it does not include lactate fermentation.
Lactate fermentation kinetics including the inhibitory effects of substrates and products, maximum product concentration, and growth of associated bacteria have been separately evaluated (Ishizaki et al., 1989b; Venkatesh, 1993; Boonmee et al., 2003; Lin, 2004; Nandasana and Kumar, 2008) . Furthermore, NaCl inhibition is also possibly observed in lactate fermentation (Kargi and Dincer, 1999) since kitchen garbage probably contains high concentrations of NaCl.
However, mathematical expressions for these effects are different depending upon the research area, and there is no model that comprehensively incorporates all of these effects, which are essential in order to evaluate lactate fermentation characteristics and its limits. In addition, material balance of total Chemical Oxidation Demand (COD) was not considered like ADM 1 (Batstone et al., 2002) . Furthermore, isolated species were inoculated in these experiments; 6 however, the detailed growth characteristics of B. coagulans under nonsterile conditions have not been designed as yet.
In evaluations using mathematical models, data for microbial concentrations are also important. They have been estimated by measurements of Suspended Solids (SS) (Michelson et al., 2008) , COD, optical density (Payot et al., 1999; Ishizaki et al., 1989b) , and protein and total DNA mass (Nishimura et al., 1996) . However, these indices are not appropriate for understanding microbial concentrations for those substrates containing organic particulate materials such as garbage and sewage sludge. Recently, quantification of microbes was done using quantitative real-time polymerase chain reaction (PCR) with specific primer sets for quantifying specific microbes. The applicability of real-time PCR quantification to evaluate methanogenic behavior has been reported (Yu et al., 2006; Kobayashi et al., 2009 ), but its application to acid fermenting bacteria, including B. coagulans, in lactate fermentation has not been reported. Developing a method to measure bacterial concentrations will be useful in evaluating acid fermentation mechanisms.
In this study, a mathematical model was developed by focusing on the inhibitory effects of substrate, lactate (product) and NaCl, and bacterial growth in order to evaluate the lactate fermentation characteristics of B. coagulans under nonsterile conditions. Basic fermentation experiments were performed using glucose, the simplest substrate, in order to derive fundamental 7 parameters, including growth rate and inhibition effects. B. coagulans was the predominant species in cultures at pH 5.5 and 55°C (Akao et al., 2007a; 2007b) . Microbial concentrations were measured using real-time PCR as well as traditional methods for the experimental cases where only soluble substrates were used. These results were compared to check the applicability of real-time PCR method. The developed model was applied to fermentation experiments using glucose and artificial kitchen garbage, and its applicability was verified by comparing lactate production and bacterial growth. Furthermore, the applicability of real-time PCR to quantify B.
coagulans in the fermentation of kitchen garbage, where traditional methods cannot be used, was also confirmed in this model.
Model development
A simple biochemical transformation model for lactate fermentation was developed. State variables and transformation paths are shown in Figure 1 (Contois, 1959) . In this study, the microbial concentration at the beginning of batch experiments was very low, and after the start-up period degradation of carbohydrate was accelerated due to growth of microorganisms. Therefore, degradation of particulate carbohydrate was expressed by Contois kinetics. Degradation of soluble carbohydrate (R 2 ) is expressed by a Michaelis-Menten type equation associated with soluble carbohydrate concentration.
Lactate fermentation from glucose accompanied by the growth of B. coagulans (R 3 ) is known to be inhibited by substrate (glucose), product (lactate), and NaCl. Lactate inhibition has been reported as either uncompetitive (Ishizaki 1989a; 1989b) , noncompetitive (Ohara et al., 1992) , or exponential (Nandasana and Kumar, 2008) . In this study, noncompetitive inhibition was adopted and its applicability was checked using the experimental results. Furthermore, to reflect the fact that lactate fermentation is stopped at a certain lactate concentration (Akao et al., 2007b) , the maximum limit concentration of produced lactate (S Lmax ) and threshold lactate concentration above which the inhibition effect by accumulation of product started (S Lct ) were also included in the model equation for R 3 . This model was similar to the model by Boonmee et al. (2003) . Lactate decreases the pH of the medium while it is being produced; however, in this 9 study pH was maintained at a constant value of 5.5. Thus, dissociated and undissociated lactates were not considered separately, and the total lactate concentration was used. Inhibition by glucose was expressed as Haldane type inhibition (Haldane, 1930) since this is a type of substrate inhibition. NaCl inhibition was also designed as noncompetitive (Kargi and Dincer, 1999 ).
The self-degradation expression was given by a first order reaction similar to ADM1 (Batstone et al., 2002) . Changing rates of state variables are expressed as the sum of the rates of paths into the state variable (+) and paths out of the state variable (−), as shown in Table 1 .
Materials and methods

Reactor and operation
Fermentation experiments were performed in a reactor made of a 1 L working volume glass flask in which anaerobic conditions and complete mixing were maintained. Operational conditions are summarized in Table 2 . Seven batch experiments (Run 1-Run 7) and one semicontinuous experiment (Run 8) were performed. Culture temperature was set at 55°C using a hot water bath and pH was automatically controlled at 5.5 by the addition of 10 N NH 4 OH in Run 1-Run 7 or 10 N NaOH in Run 8 (Nisshinrika, NPH-660). Headspace of the reactor was replaced with nitrogen gas before each fermentation experiment. Sterilization (121°C, 20 min) of the reactor was carried out before the experiments in order to avoid contamination, but the feedstock was not sterilized. Run 1 was performed twice to check reproducibility (Run 1a and 1b). In Run 1-Run6, glucose was used at different concentrations to determine its effect. Lactate and NaCl were also added to determine their effects in Run 2 and Run 5, and Run 3, respectively.
In Run 7, artificial kitchen garbage was used which was prepared by mixing 14 types of foods, based on a survey conducted in Japan (Tanigawa et al., 1997) . The kitchen garbage comprised 10% cabbage, 10% potato, 10% carrot, 10% radish, 10% Chinese cabbage, 2.5% apple, 7.5% orange peel, 10% banana peel, 10% boiled rice, 2.5% bread, 7.5% noodles, 2.5% boiled eggs, 2.5% meat, and 5% fish. Materials were mixed, milled into a slurry and stored in a freezer until use. This garbage was diluted two-fold with distilled water and used for L-lactate fermentation experiments. In Run 8, once every 48 h, 400 mL of mixed liquor was withdrawn and an equal volume of substrate was added in order to maintain semicontinuous operation for 384 h. The substrate was a mixture of raw garbage which was diluted two-fold with distilled water, and banana peels which was diluted three-fold with distilled water. The characteristics of this raw garbage and banana peels are summarized in Table 3 . (Akao et al., 2007b) . This inoculum (10 mL) was added at the beginning of each experiment.
Chemical analysis
Aliquots of the fermented broth samples were collected periodically during each batch experiment and analyzed. Total lactate and other organic acids were analyzed using High Performance Liquid Chromatography (HPLC) (Organic acids analysis system, column; Shimapack SCR-102H, Shimadzu, Kyoto, Japan). D-and L-lactate were separately analyzed using HPLC (Shimadzu, column; SUMICHIRAL OA-5000 (40°C), detector; UV detection (254 nm), mobile phase; 5% 2-propanol and 1 mM CuSO 4 solution, flow rate; 0.8 mL/min). Optical purity of lactate (OP) was calculated using the following equation
Carbohydrate concentration, expressed using glucose concentration as standard, was determined using a phenol-sulfate method (Dubois et al., 1956) . Lactate production ratio from glucose
(1−Y) was expressed as a conversion ratio of initial carbohydrate (g) into produced lactate (g).
Carbon dioxide and methane were analyzed using CGT-7000 (Shimadzu). COD was analyzed according to the Standard Method (APHA, 1995) . Dissolved samples were prepared by filtration through a cellulose acetate filter (pore size = 0.45 μm).
Molecular biological analysis
DNA was extracted using a DNeasy Tissue Kit (Qiagen, Hilden, Germany). For real-time PCR reactions, LightCycler 1.2 (Roche, Mannheim, Germany) was used to quantify the target microbes and primer pair of BACO186F (5′-gcatggaggaaaaaggaa-3′) and BACO447R (5′-cccggcaacagagtttta-3′) was used (Asahira, 2006) . 
Results and discussion
Fermentation performances
The inoculum, 10 mL of which was inoculated into 1 L fermenters, contained L-lactate at 28.1 g/L with an OP of nearly 100%. The microbial community was analyzed using random cloning method ) with a primer set of UNIV519F (Lane, 1991) and UNIV1406R (Lane, 1991) to amplify approximately 900 and 700 bp fragments for most bacteria and archaea, respectively. Ninety-two clones were analyzed; 100% were closely related to B.
coagulans with an average similarity of 99%. This indicated that B. coagulans was predominant in the inoculum. The RNA gene concentration was 8.8 × 10 9 copies/L. copies/L, whereas lactate continued to increase until 10 h when glucose was depleted. Lactate was produced at 8.6 g/L with an OP of nearly 100%.
A summary of each batch experiment is shown in Table 4 . In Run 1a and Run 1b, nearly the same results were obtained, which demonstrated the reproducibility of the experiments.
When 20 g/L of lactate was added at the beginning, the fermentation start time was delayed, as
shown by comparing Run 1 and Run 2. Run 1 and Run 4 had an initial glucose concentration of 14 10 g/L and 50 g/L, respectively, and fermentation start times and lactate production ratios from glucose were nearly the same in both Runs. In Run 6, although the initial glucose concentration was 100 g/L, only 52 g/L of lactate was produced, and some glucose remained. The fermentation start time was also delayed compared to Run 4. This maximum lactate concentration was similar to results of Payot et al. (1999) , who reported lactate production by B. coagulans. In Run 3, NaCl at 20 g/L was added at the beginning and fermentation start time was delayed, as compared with Run 1, although the final lactate production ratio was the same as Run 1. The OP was always > 98.3%. In Run 7 which used kitchen garbage, particulate carbohydrate began to decrease and simultaneously lactate began to increase at 12 h. RNA gene concentration stopped increasing at 18 h and was maintained at 1 × 10 11 copies/L. The initial carbohydrate concentration was similar to Run 4, but fermentation started 6 h later and ended 60 h later than in Run 4. Finally, around 32 g/L of lactate was produced having an OP of 98.5%. About 30% of the carbohydrate in the substrate remained after fermentation. This difference was because the substrate contained nonbiodegradable organics such as cellulose. However, the lactate production ratio from carbohydrate was the same as that reported by Akao et al. (2007b) . In Run 8, semicontinuous operation was successfully maintained. RNA gene concentration was maintained at 1 × 10 11 copies/L, and around 22 g/L of lactate was produced having an OP of 99.3%.
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Model parameters
The parameters used in this model are summarized in Table 5 . All were determined from the experimental data. The lactate production ratio from carbohydrate (1 −Y) was determined to be 0.88 (gCOD/gCOD) from the average value of Run 1, Run 4, and Run 5 in which most of the glucose was converted to lactate without initial inhibition. Some parameters were determined using Lineweaver-Burk plots (Figure 3 ). Here, increased bacterial concentration between two samplings (ln) divided by the time was used as the specific growth rate (µ), and the decrease in glucose concentration between two samplings divided by the time was used as the glucose consumption rate (V), when the data measurement was successful. The values of the rate constant (k 3 ) and half saturation constant (K SG ) for lactate production were determined by assuming that there was no inhibition by lactate when lactate concentration (S L ) was 0-10 gCOD/L (Figure 3a) . The maximum specific growth rate was determined to be 1.54 (1/h), which was divided by Y (= 0.12) to calculate the value of k 3 . The values of k 3 and K SG were determined to be 12.8 (gCOD/gCOD•hr) and 3.1 (gCOD/L), respectively. Reported values of these parameters differ depending on fermentation conditions, but the values determined here were within the range of previously reported values (Payot et al., 1999; Burgos-Rubio et al., 2000; Skiadas et al., 2000; Nandasana and Kumar, 2008) .
Inhibition of lactate fermentation by produced lactate was also evaluated using
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Lineweaver-Burk plot (Figure 3b) . Here, when both glucose and lactate concentrations (S G and S L , respectively) were less than 10 gCOD/L, it was assumed that there was no inhibition;
however, when lactate concentrations were between 28 and 32 gCOD/L there was a constant inhibitory effect. Two theoretical lines for S L = 0-10 and S L = 30 gCOD/L were matched on the X axis, which indicated noncompetitive inhibition. Then, the inhibition parameter of lactate for lactate fermentation (K EI ) was determined to be 5.11 gCOD/L. This value was similar to that of 5.9-12 gCOD/L reported by Ohara et al. (1992) . When lactate concentrations were > 40 gCOD/L, the actual values of V −1 were higher than the calculated values using the above obtained parameter values and the equation for a noncompetitive inhibition model (Figure 3c ). This indicated that when lactate concentrations were > 40 gCOD/L, lactate production rates were further inhibited. When they were > 56 gCOD/L, lactate production stopped in Run 6, although some glucose remained. Therefore, in this model, two parameters for lactate concentration were included: S Lct and S Lmax (determined as 40 gCOD/L and 56 gCOD/L, respectively). These values were similar to those of Boonmee et al. (2003) for Lactococcus lactis NZ133 at 30°C.
Inhibition of glucose was expressed as Haldane type inhibition (Haldane, 1930) . The maximum glucose consumption rate when glucose concentrations were in the range of 13-62 gCOD/L in Run 4-Run 6 was obtained when the glucose concentration was 23.2 gCOD/L (S Gmax ).
The value of the inhibition parameter (K ES ) was determined to be 180 gCOD/L, using the
. This value was similar to the value (127 gCOD/L) reported by Burgos-Rubio et al. (2000) . The value of the parameter for inhibition by NaCl (K EIN ) was determined to be 30 g NaCl/L from the data in Run 3, which was similar to the value (70 g)
proposed by Kargi and Dincer (1999) .
Values of rate constants for degradation of particulate carbohydrate (k 1 ) and soluble carbohydrate (k 2 ) were determined to be 0.1 gCOD/(g COD·h) and 80 g COD/(g COD·h) from the data in Run 7. The rate constant for self-degradation of B. coagulans (k 4 ) was determined to be 0.01 (1/h) from the data in Run 6 with more than 90 h operation. These values are acceptable in consideration of ADM1 (Batstone et al., 2002) or other reports, such as Biazar et al. (2003) , who reported a batch production of lactate under submerged fermentation of cheese whey.
The relationship between increased biomass and real-time PCR analysis is shown in Figure 4 . Increased biomass was calculated by multiplying the decreases in glucose concentrations and yield coefficients of B. coagulans (0.12 gCOD/gCOD-removed). Increases in these two parameters were highly correlated, although their ratios were not constant since they depended on growth phases. This tendency was similar to a relationship between axenic
Microcystis aeruginosa NIES 102 cell concentrations measured using microscopic observations and 16S rRNA gene concentrations measured using real-time PCR in laboratory cultures (Ha et al., 2009) . The average value of this ratio was 6.47 × 10 10 copies/gCOD-biomass. To simply 18 apply the real-time PCR analysis results, this ratio was used to calculate biomass concentrations in COD units from the results of real-time PCR.
Model verification
Time courses for the experimental and calculated results in Run 1-Run 6 are shown in Figure 5 . Figure 6 . In Run 7, the decrease in carbohydrate concentration and increase in lactate concentration were adequately simulated. In this study, the initial microorganism concentrations were lower than the substrate concentrations. This showed that the substrate-microorganism ratio (Contois kinetic model) was 19 a better marker for demonstrating the limiting factor in the hydrolysis of particulate kitchen garbage, rather than modeling the substrate concentration as a first order reaction. This result is in agreement with other studies that used a Contois model to describe anaerobic hydrolysis of particulate organic wastes (Yasui et al., 2008; Ramirez et al., 2009) . Changes in biomass concentrations were also measured and simulated during the entire growth phase. In Run 8, decrease in carbohydrate concentrations, increase in lactate concentrations, and maintained biomass concentrations were favorably simulated. This showed that this model can be applied to not only batch experiments, but also continuous experiments.
The lag phase for the inoculated bacteria was not considered, and the measured RNA gene concentrations of the inoculum were added as initial bacterial concentrations. In some cases, calculated bacterial concentrations increased earlier than the experimental results, but glucose consumption, lactate production, and bacterial growth were simultaneously calculated throughout the full range of the Runs. These results indicated that this model and biomass measurements using real-time PCR can be used to simulate lactate fermentation using both simple and complex substrates.
This thermophilic lactate fermentation under nonsterile conditions was a good example to verify the applicability of the proposed methods since only B. coagulans was responsible for the reactions, and time courses for substrate, product, and bacterial concentrations were measured.
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Acid fermentation is more complex than lactate and methane fermentations since it includes many kinds of products such as lactate, butyrate, and acetate, and many types of bacterial communities depending on the operational and bacterial conditions (Lee et al., 2008; Park et al., 2008) . ADM1 (Batstone et al., 2002) includes 7 kinds of bacterial degraders that are classified by their functions, such as sugar degraders and acetate degraders, and the production ratio of each organic acid is set at a constant level. It is acceptable for evaluating methane production, but not organic acid species produced in shorter retention times. With different specific primers, realtime PCR can simultaneously measure the concentrations of many types of bacteria. These proposed methods would be useful for developing a new bacterial function-based mathematical model for not only lactate fermentation, but also other organic acids or hydrogen fermentation, especially with complex substrates, where many kinds of bacteria compete with each other in the same reactor.
Conclusions
From the basic fermentation experiments using simple substrates, the growth kinetics of B. coagulans including the inhibitory effects of substrate, product, and NaCl for L-lactate fermentation under pH 5.5 and 55°C were quantitatively shown. B. coagulans concentrations were suitably measured using real-time PCR even when traditional methods such as SS, protein,
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and turbidity cannot be used to measure microbial concentrations. The developed model can simulate L-lactate fermentation characteristics, even with the previously mentioned inhibition effects and growth of the associated bacteria. These results indicate that the developed model and biomass measurements using real-time PCR can be used to evaluate lactate fermentation using both simple and complex substrates. These proposed methods can be useful for developing a new bacterial function-based mathematical model for fermentations of more complex acids.
